Epigallocatechin-3-gallate (EGCG) is the main compound of green tea with well-described antioxidant, anti-inflammatory, and tumor-suppressing properties. However, EGCG at high doses was reported to cause liver injury. In this study, we evaluated the effect of EGCG on primary culture of rat hepatocytes and on rat liver mitochondria in permeabilized hepatocytes. The 24-hour incubation with EGCG in concentrations of 10 mol/L and higher led to signs of cellular injury and to a decrease in hepatocyte functions. The effect of EGCG on the formation of reactive oxygen species (ROS) was biphasic. While low doses of EGCG decreased ROS production, the highest tested dose induced a significant increase in ROS formation. Furthermore, we observed a decline in mitochondrial membrane potential in cells exposed to EGCG when compared to control cells. In permeabilized hepatocytes, EGCG caused damage of the outer mitochondrial membrane and an uncoupling of oxidative phosphorylation. EGCG in concentrations lower than 10 mol/L was recognized as safe for hepatocytes in vitro.
Introduction
Epigallocatechin-3-gallate (EGCG) is the most abundant and potent catechin of green tea [1] . Its cytoprotective effect was reported in the liver [2] [3] [4] and other organs, for example, kidney [5, 6] , heart [7, 8] , and lungs [9] . The protection is mediated partly by its direct antioxidant effect [10] [11] [12] and partly by the induction of Nrf2-dependent gene expression [5, 10, 13] . This includes activation of superoxide dismutase, catalase, and glutathione S-transferase in the liver [14, 15] . Other mechanisms involved are inhibition of expression of proinflammatory mediators such as tumor necrosis factor (TNF ), cyclooxygenase 2, and inducible nitric oxide synthase [16] , reduction of nuclear factor B activity [1, 17, 18] , and elevation of CCAAT-enhancer-binding proteinexpression [16] . Some of the anti-inflammatory actions of EGCG can be attributed to the 67 kDa laminin receptor signaling [19] .
By inhibiting the expression of platelet-derived growth factor (PDGF) receptor-and insulin-like growth factor 1 receptor [20] as well as by suppression of matrix metalloproteinase 2 [21] , EGCG was able to prevent the development of liver fibrosis in rats treated with carbon tetrachloride; a similar effect was observed in mice [16, 22] . Its antifibrotic effect can also be explained by the induction of de novo glutathione synthesis and transforming growth factor signaling interruption [23] . Green tea polyphenols were found to protect from acetaminophen- [24] and D-galactosamineinduced hepatotoxicity [25] . EGCG and/or green tea attenuated high-fat diet-induced nonalcoholic steatohepatitis [4, 26] and displayed a similar effect in a model of steatohepatitis in ob/ob mice [27, 28] . Recently, an ability of EGCG to induce hepatic autophagy was suggested [26] . In addition, green tea extract [29] [30] [31] and EGCG [32] displayed protective effects against ethanol-induced hepatotoxicity.
Ischemia/reperfusion injury was attenuated in both normal [18] and steatotic liver [28] . The effect of EGCG on liver regeneration after partial hepatectomy seems to be dependent on dose and way of administration: Saito et al. described an improvement of liver regeneration in rats receiving water with 0.5% green tea extract including EGCG [33] , while we observed a rather inhibitory effect of EGCG on liver regeneration when administered in repeated doses of 50 mg/kg intraperitoneally [34] .
Furthermore, EGCG was able to restore the activity of glutathione peroxidase and glutathione levels and to inhibit the production of hydrogen peroxide and nitric oxide in human skin [35] . EGCG may reduce the risk of cardiovascular diseases via interference with PDGF signaling and inhibition of vascular smooth muscle mitogenesis [36] , by activation of endothelial nitric oxide synthase and via a phosphatidylinositol 3-kinase/Akt-dependent pathway [37, 38] . In addition, EGCG decreased hepatic VLDL secretion and enhanced biliary secretion of cholesterol [39] .
On the other hand, overdose with EGCG and/or green tea extract can lead to liver injury [40] [41] [42] [43] . The injury can be explained by the prooxidant effect of high doses of EGCG [11, 41, 44] as well as by a decline in levels of reduced glutathione [43, 45] and mitochondrial membrane potential collapse [43] . This eventually leads to hepatic necrosis and neutrophil infiltration [46] .
There is a conflicting evidence of the influence of EGCG on mitochondria: some authors reported a protective effect of EGCG [47] [48] [49] [50] and decrease of reactive oxygen species formation in the mitochondria [12] . Other groups found an inhibitory effect of EGCG on the activity of oxidative phosphorylation enzymes [51, 52] and on respiration of mitochondria under swelling state [53] .
Therefore, we decided to test the effect of various doses of EGCG on primary rat hepatocyte culture and on liver mitochondria in permeabilized hepatocytes. 4 cells/well in 0.1 mL) culture plates (NUNC, Thermo Scientific, Waltham, MA, USA) and placed in a humidified atmosphere (37 ∘ C, 5% CO 2 ). The cells were allowed to attach for 2 hours in the presence of a Williams E medium supplemented with 6% fetal bovine serum (Merck-Millipore, Berlin, Germany), glutamine (2 mmol/L), penicillin (100 IU/mL), streptomycin (10 mg/mL), insulin (0.08 IU/mL), dexamethasone (0.12 g/mL), and glucagon (0.008 g/mL). Afterwards, medium was replaced by a medium without fetal bovine serum and the cells were exposed to various concentrations of EGCG ranging from 5 to 100 mol/L.
Methods

Microscopic Evaluation.
All images were taken using Olympus IX51 microscope with E-600 Digital Camera (Olympus Imaging Corp., Tokyo, Japan) and Quick Photo Camera 3.0 software (Promicra, Prague, Czech Republic). Scale bars (50 m) were added using the Quick Photo Camera software; no other image editing was performed. We used 2 types of visualization: phase contrast (40x objective) and JC-1 staining (40x objective) as described previously [55] .
Markers of Cell Viability and Function.
As a marker of cell viability, we performed the WST-1 test according to manufacturer's instructions. Briefly, after removing the medium, cells were exposed to WST-1 reagent diluted in fresh Williams E medium, 1 : 10. The absorbance at 440 nm was measured at time 0 and 75 min and the difference was calculated.
As a marker of cell membrane damage, we measured the intra-and extracellular activity of lactate dehydrogenase (LDH) and calculated LDH leakage as a percentage of the activity in the medium divided by total activity [56] .
The production of albumin in the medium was measured using ELISA method. Caspases 3, 8, and 9 . The activity of caspases 3, 8, and 9 was measured in cell lysate (Cell Lysis Buffer, Cell Signaling Technology, Danvers, MA, USA) after addition of specific substrates Ac-DEVD-AMC, Ac-LETD-AFC, and Ac-LEHD-AMC, respectively (Enzo Life Sciences, Farmingdale, NY). The activities were measured in a fluorescent mode using a TECAN Infinite M200 spectrofluorometer (Tecan Group AG, Männedorf, Switzerland). The excitation and emission wavelengths were 350 and 460 nm, for caspase 3 and caspase 9, and 400 and 505 nm for caspase 8.
Activity of
DAPI Staining.
To further assess cell apoptosis, hepatocytes on 6-well plates were cultivated with EGCG at concentrations of 0, 10, 30, and 100 mol/L for up to 24 hours. In 4-hour intervals, hepatocytes were stained with DAPI (2-(4-amidinophenyl)-6-indolecarbamidine dihydrochloride, 2 g/mL, 15 min) and count of apoptotic cells (chromatin condensation and fragmentation) per visual field Table 1 : Biochemical parameters of cultured hepatocytes. LDH leakage (% of total LDH activity), WST-1 test (% of respective controls), albumin production (ng/mL), activity of caspases 3, 8, and 9 in cell lysate (% of respective controls), production of TBARS in cell lysate ( mol/L), reactive oxygen species (ROS) formation using DCFDA (% of respective controls), and TNF levels in culture medium (pg/mL). All values represent the 24-hour interval. * , * * , and * * * versus medium-treated controls; < 0.05, 0.01, and 0.001, respectively. n/a = not measured. (40x) was examined using a fluorescence microscopy. At least 10 fields from different area of well plate were subjected to visual score for each sample.
Cytokines Production.
The concentrations of proinflammatory cytokine TNF after 24 h incubation with EGCG were measured in the medium using ELISA kits.
Reactive Oxygen Species Formation.
We evaluated the formation of reactive oxygen species using a fluorescent probe DCFDA as described previously [56] . We estimated the rate of lipid peroxidation by measurement of levels of malondialdehyde in cell lysate (Cell Lysis Buffer) by the TBARS (thiobarbituric acid-reactive substances) method [57] .
Mitochondrial Respiration Measurement.
Oxygen consumption was measured by a high-resolution respirometry using Oxygraph 2k (Oroboros Instruments, Innsbruck, Austria) as described previously [55, 58] . First, the suspension of hepatocytes (125,000/mL) was permeabilized with digitonin (10 g/mL) in K + -medium and then the cells were exposed to various concentrations of EGCG from 10 to 200 mol/L for 10 minutes. Respiration rates were measured at baseline and after addition of substrates of complex I (glutamate and malate, state 4), followed by addition of ADP (state 3), cytochrome c (for testing of the outer mitochondrial membrane integrity), rotenone (an inhibitor of complex I), and succinate (a substrate of complex II). The consumption of oxygen was measured in pmol O 2 per second and million of cells. Respiratory control ratio (RCR) of complex I (a ratio of consumption rate in state 3 to state 4) was calculated. Data were analyzed by Oroboros DatLab 5.1 (Oroboros Instruments).
Statistical Evaluation.
The experiments were performed at least three times; representative results are shown. Values are depicted as mean ± SD; < 0.05 was set as the border for statistical significance. Statistical evaluation was performed using GraphPad Prism software (La Jolla, CA, USA). Data were first tested for normality by means of KolmogorovSmirnoff test. In the case of Gaussian distribution, data were further analyzed by parametric ANOVA and Dunnett's posttest. In the case of non-Gaussian distribution, data were analyzed by a nonparametric Kruskal Wallis test and Dunn's posttest.
Results
Cell Viability and Function.
The LDH leakage was significantly increased in cells exposed to 10 M EGCG ( < 0.001) and higher for 24 h when compared to controls ( Table 1) . Concentration of 100 mol/L led to a distinct increase of extracellular LDH already after 8 hours (Figure 1(a) ).
Concurrently, there was a dose-dependent decline in the activity of cellular dehydrogenases; this decline was significant in cells exposed to 10 mol/L EGCG ( < 0.05) and higher (Table 1) . Furthermore, we observed signs of damage in phase contrast microscopy, specifically loss of nuclear visibility, granulation of cytoplasm, and high content of cellular debris (Figures 2(a)-2(d) ). We observed a dosedependent decline in albumin production which was significant even from concentrations of 5 mol/L ( < 0.01) ( Table 1 ). Taken together, these results suggest hepatocellular damage from the concentration of 10 mol/L EGCG.
Apoptosis Assessment.
The time-course of caspase 3 activity in cell lysate from 96-well plates is depicted in Figure 1(b) . A steep increase in caspase 3 activity was observed between 8 and 12 hours of incubation with 30 and 100 M EGCG. After 20 and 24 hours of exposure to 100 M EGCG, there was a return of caspase 3 activity to control values.
In 24-well plates, we evaluated the activities of caspases 3, 8, and 9 in cell lysate after 24 hours. The activity of caspase 3 was significantly elevated from EGCG concentration of 10 mol/L ( < 0.001) and reached maximum activity at 50 M EGCG. Caspase 8 was also activated by EGCG treatment ( < 0.001 for 30 mol/L and higher). The activation of caspase 9 activity was less pronounced than the activation of the former ones but was still significant for 30 mol/L EGCG and higher ( < 0.05) ( Table 1) .
The time-course of DAPI-positive apoptotic hepatocytes on 6-well plates is depicted in Figure 1(c) . A steep increase in the number of apoptotic cells was slightly delayed after the rise of caspase 3 activity and was noticed between 12 and 16 hours of cultivation with 30 and 100 M EGCG. At 15 to 50 mol/L of EGCG, the levels were higher than in control cells ( < 0.05 for 30 mol/L). At the highest concentration of EGCG (100 mol/L), the levels of TNF were similar to those in control cells (Table 1) .
Cytokines Production. EGCG displayed a biphasic effect
Reactive Oxygen Species.
The formation of reactive oxygen species (ROS) as measured by DCFDA displayed a decline after low doses of EGCG significant for concentrations 10 and 15 mol/L ( < 0.01) ( Table 1) . On the other hand, the formation of ROS was significantly increased at the highest tested concentration of EGCG ( < 0.001 versus controls).
The rate of lipid peroxidation estimated by TBARS levels did not differ among concentrations tested.
Mitochondrial Membrane Potential.
We observed a partial loss of mitochondrial membrane potential in cells exposed to 30 mol/L EGCG for 24 h; the mitochondrial membrane potential was practically lost in hepatocytes exposed to 100 mol/L EGCG (Figures 3(a)-3(d) ).
Mitochondrial Respiration.
The oxygen consumption is expressed in %, where 100% is oxygen consumption of control hepatocytes at state 4 (after addition of glutamate and malate) for given experiment. All other values are recounted to this value for given experiment. As shown in Table 2 , the oxygen consumption at state 4 displayed a dose-dependent increase in cells exposed to EGCG for 10 minutes ( < 0.001 for 200 mol/L) giving evidence of an uncoupling of oxidative phosphorylation. State 3 (ADP-stimulated respiration of complex I) exerted only a nonsignificant trend of lowering oxygen consumption with increasing concentration of EGCG. Respiratory control ratio showed a dose-dependent decline after the exposure to EGCG for 10 minutes ( < 0.05 for 200 mol/L), further indicating the uncoupling of oxidative phosphorylation. Moreover, the oxygen consumption rose rapidly after the addition of exogenous cytochrome c in EGCG-treated cells ( < 0.05 for 200 M EGCG) suggesting disruption of the outer mitochondrial membrane. Inhibitory effect of rotenone on oxygen consumption using complex I substrates was weakened in a dose-dependent manner in cells treated with EGCG in the presence of cytochrome c (significant from 50 M concentration of EGCG); this phenomenon was not observed after addition of rotenone without previous presence of exogenous cytochrome c. Considering this effect, it was not possible to assess the influence of EGCG on complex II after addition of rotenone in the same sample (Table 2) 
Discussion
In the present study, we observed a dose-dependent toxicity of EGCG from 10 M concentration. The concentration of 5 mol/L was recognized as safe, even though it caused Table 2 : EGCG-induced changes in mitochondrial respiration. The consumption of oxygen is expressed in %, where 100% is oxygen consumption of control hepatocytes at state 4 for given experiment. Other values are recounted to this value for given experiment and respiratory control ratio is calculated. G + M, glutamate + malate, ADP, adenosine diphosphate, Cyt c, cytochrome c, Rot, rotenone, SUC, succinate, and RCR I, respiratory control ratio of complex I. ( = 5-6) * , * * , and * * * versus medium-treated controls; < 0.05, 0.01, and 0.001, respectively. 5.7 ± 1.1 5.7 ± 1.0 4.2 ± 0.7 4.5 ± 1.4 3.3 ± 0.8 * * a significant decrease in albumin production by cultured hepatocytes. Our results suggest toxicity at 20x lower concentration than in a study of Galati et al. [43] . The difference may have been caused by different endpoints; the other group determined the 50% lethal concentration (LD 50 ), whereas we considered as toxic the minimal concentration with negative impact on cell viability. Furthermore, Galati et al. exposed the hepatocytes for maximum of 3 hours, whereas we used the 24 h interval. After 4-hour incubation, even the highest tested dose of EGCG (100 mol/L) did not exert any effect on the activity of LDH in culture medium.
We observed a decline in ROS formation after the exposure to low doses of EGCG; however, the formation was significantly increased after the exposure to 100 mol/L. Schmidt et al. [42] identified similar toxic concentrations as Galati, but they used various green tea extracts rather than EGCG in analytical grade. It was suggested that green tea extract may be less toxic due to the presence of other compounds, such as vitamin C [46] . On the other hand, the Oxidative Medicine and Cellular Longevity toxic concentration found in the present study is the same as in our previous study in hepatocytes isolated from rats after partial hepatectomy or laparotomy [59] . It is not very likely that the plasmatic concentration of EGCG often exceeds 10 mol/L because the oral bioavailability of EGCG is very low [60] . However, EGCG can reach approximately 4x higher concentration in the liver than in the plasma; therefore, the hepatocytes can be exposed for a short period to a concentration of 48.4 mol/kg after oral ingestion of 500 mg/kg body weight EGCG in rats [61] . In accord with these data, exposure to EGCG in a dose of 200 mg/kg induced no toxicity while the dose of 2000 mg/kg was lethal to rats [62] . Long-term exposure to 500 mg/kg EGCG was also reported as safe for the rat liver [48] . Chen et al. reported that EGCG in a dose of 75 mg/kg body weight intraperitoneally (i.p.) caused no morbidity in mice [22] . Other authors observed increased mortality in mice at 50 mg/kg EGCG i.p. [46] . The kinetics of EGCG is different in humans: a single dose of 525 mg EGCG led to a plasmatic level of 4.41 mol/L in Japanese subjects [63] and a dose of 1600 mg EGCG led to an average level of 7.4 mol/L in Caucasian subjects [64] . The concentrations would be much higher after intravenous application [60] .
Our findings of the effects of EGCG on mitochondrial respiration are at variance with results of the other group, where the authors reported a negligible effect of EGCG on normal liver mitochondria [53] . However, the range of concentrations used in our study was larger. We found a dosedependent increase in the oxygen consumption at state 4 which may indicate uncoupling of oxidative phosphorylation [65] . We also observed a nonsignificant trend of decreasing state 3 respiration by higher concentrations of EGCG (50-200 mol/L). This decline seems to be caused primarily by the loss of some cytochrome c from intermembranous space due to injury of the outer mitochondrial membrane and not by the direct inhibition of respiratory complex I by EGCG. Significant damage of the outer mitochondrial membrane was found using the highest dose of EGCG which was documented by an increase of respiration after addition of cytochrome c. Our hypothesis of the inability of EGCG to inhibit directly complex I is supported by results of Lagoa et al. [66] who found that epicatechin, another catechin of green tea, exerted no significant inhibitory effect on respiratory complex I at high concentration (100 mol/L).
EGCG-induced uncoupling of oxidative phosphorylation is further supported by a dose-dependent decline of RCR.
We also found a curious effect of high doses of EGCG (50-200 mol/L) on the inhibition of respiration in the presence of complex I substrates and cytochrome c by rotenone. Under such conditions, EGCG attenuated in a dose dependent manner the inhibitory effect of rotenone on oxygen consumption. Since this action of EGCG was not observed in the absence of cytochrome c, we hypothesize that EGCG at high doses can directly reduce cytochrome c and thus provide electrons for cytochrome c oxidase. A similar effect was described in some flavonoids including epicatechin [66] .
Our observations of proapoptotic action of EGCG are in accord with our previous study [59] as well as with findings of other authors [11, 52, 67] but at variance with some others [49] . In our experiment, EGCG-induced apoptosis was proved by caspase 3 activity, DAPI staining, and oligonucleosomal DNA fragmentation (data not shown). Interestingly, after exposure to 100 M EGCG, the maximum activity of caspase 3 peaked at 12 h and then declined. There was also a decrease in DAPI-positive apoptotic cells after 24 h incubation with 100 M EGCG. These data together with the highest LDH leakage and loss of mitochondrial membrane potential in this group suggest shift in the mode of cell death from apoptosis to necrosis. Rupture of the plasma membrane is a cardinal feature of necrosis that results in release of cellular constituents including LDH [68] . Moreover, the participation of necrosis was confirmed by trypan blue exclusion test showing a significant increase in trypan blue stained cells after 20 and 16 hours of cultivation with 30 and 100 M EGCG, respectively (data not shown). The relatively more pronounced increase in the activity of caspase 8 than caspase 9 suggests main contribution of the extrinsic apoptotic pathway. This may seem surprising because we observed EGCG-induced injury to the outer mitochondrial membrane with release of cytochrome c from intermembranous space which is known to trigger mitochondrial pathway of apoptosis. Possible explanation of this effect can be found in the direct action of EGCG. Since only the oxidized form of cytochrome c can induce caspase activation via the apoptosome [69] and EGCG is probably able to reduce cytochrome c, mitochondrial pathway of apoptosis in EGCG toxicity is of low importance. Similar protective 8 Oxidative Medicine and Cellular Longevity effect of some other flavonoids against apoptosis was reported [66] . Chemically related substance, epigallocatechin, induced apoptosis in breast cancer cell lines, but not in normal breast epithelial cells [70] .
Susceptibility to extrinsic apoptotic pathway was analyzed by El Naga et al., who reported upregulation of TRAIL death receptors in HepG2 cells after treatment with 153 mol/L EGCG [67] . However, we were not able to reproduce their findings in our previous study [59] . It is possible that the EGCG-induced death receptor upregulation is specific for cancer cell lines or occurs after very high concentrations of EGCG. The inhibition of TNF production by low concentrations of EGCG observed in our study is in accord with the inhibitory effect of EGCG on TNF production in vivo found in literature [33, 71] . In contrast to a low dose of EGCG, the higher dose (30 mol/L) elevated significantly concentration of TNF in the culture medium. Considering TNF as an important ligand of apoptotic death receptors, the effect of EGCG on TNF production may play a substantial role in the activation of extrinsic pathway of apoptosis.
In conclusion, EGCG in a concentration of 10 mol/L displayed in vitro toxicity to primary rat hepatocytes. In addition, EGCG at high doses led to an uncoupling of mitochondrial oxidative phosphorylation and to damage to the outer mitochondrial membrane. We also showed that EGCG-induced apoptosis is activated mainly by the extrinsic pathway.
